Introduction 30
Lactic acid bacteria (LAB) are widely used as starters for manufacturing cheeses, 31 fermented milks, meats, vegetables and breads products. Several species have been shown to 32 exhibit probiotic properties i.e. positive effects on human health (Naidu et al., 1999) . The 33 preparation of starter cultures requires production and maintenance techniques that maximise 34 viability, activity and storage stability of bacterial cells. While frozen concentrates of lactic 35 acid bacteria exhibit maximal survival in liquid nitrogen, the expense of these storage 36 conditions limits the use of this method. Freeze-drying (or lyophilisation) appears as an 37 alternative method for long time preservation of bacteria and yeasts. 1988; Crowe et al., 1996) . The other factor affecting bacteria preservation is the physical 52 stability of the amorphous sugar matrix: when an amorphous sugar is exposed to high 53 temperature or high humidity above the glass transition, various properties of the materials 54
The lyophilized sample of lactic acid bacteria were reduced in powder in a chamber of 105 very low relative humidity (around 5%) and then put in the containers used for the 106 measurement of water activity. The containers were placed in hermetic glass box containing 107 P 2 O 5 or saturated salt solutions with a w = 0.06 (LiBr), a w = 0.11 (LiCl), a w = 0.22 108 (CH 3 COOK), a w = 0.32 (MgCl 2 ·6H 2 O), a w = 0.44 (K 2 CO 3 ), a w = 0.53 (Mg(NO 3 ) 2 ·6H 2 O), a w = 109 0.75 (NaCl), a w = 0.84 (KCl). After one week of equilibration at 25°C, the samples reached a 110 constant weight and were packed under vacuum in aluminium bags and stored at 25°C for 111 different storage times. For each relative humidity condition, three samples were prepared: the 112 first one was used for measuring water activity and water content, the second one for 113 measuring water activity and glass transition temperature and the third one for measuring 114 water activity and biological activity of lactic acid bacteria (viability and acidification 115 activity). 116 117
Water activity and water content measurements 118
The moisture content of the samples was measured by the Karl Fisher titration method 119 using a Metrohom KF 756 apparatus (Herisau, Switzerland). At least 20 mg of powder were 120 mixed with 2 mL of dry methanol and titrated with Riedel-deHaen reagent (Seelze, Germany) 121 until the end point was reached. The water activity of the samples was measured at 25°C 122 using an a w meter labMaster-aw (Novasina, Precisa, Poissy, France). 123 124
Glass transition temperature measurement 125
Differential scanning calorimetry (DSC) measurements were performed on two different 126 power compensation DSC equipments (Perkin Elmer LLC, Norwalk, CT, USA) depending on 127 the moisture content of the samples: a Pyris 1 equipped with a mechanical cooling system for 128 the low moisture content samples exhibiting thermal events at the higher temperatures (>0°C) 129 and a Diamond equipped with liquid nitrogen cooling accessory (CryoFill) for the high 130 moisture content samples (lower temperatures). Temperature calibration was done using 131 cyclohexane (crystal-crystal transition at -87.1°C), mercury (melting point at -38.6°C) and 132 indium (melting point at 156°C) for the Diamond; and cyclohexane (melting point at 6.5°C), 133 n-octodecane (melting point at 27.8°C) and indium for the Pyris 1. About 10 mg of each 134 sample was placed in 50 µl Perkin Elmer DSC sealed aluminium pans. An empty pan was 135 used as a reference. Linear cooling and heating rates of 10°C min -1 were used. The 136 characteristic glass transition temperature (Tg) of samples was determined as the midpoint 137 temperature of the heat flow step associated with glass transition with respect to the ASTM 138
Standard Method E 1356-91. Results were obtained from at least four replicates. 139 140
Biological activity measurement 141
The samples were rehydrated in skim milk to the initial dry matter of the protected 142 bacterial suspension before freeze-drying. Viability of Lactobacillus bulgaricus CFL1 was 143 determined by plate assays on MRS (Biokar Diagnostics, France) agar plates. The Petri dishes 144 were incubated under anaerobic conditions (GENbox96124, BioMérieux, Marcy l'Etoile, 145 France) at 42°C for 48 h before counting. 146
The acidification activity of 100-µl samples was measured in milk at 42°C, in triplicate, 147 using the CINAC System (Corrieu et al., 1988). The time necessary to reach the maximum 148 acidification rate in milk (t m , in minutes) was used to characterise the acidification activity of 149 the bacterial suspensions. The higher the t m , the longer the latency phase and the lower the 150 acidification activity. The acidification activity was measured after equilibration of the 151 samples at various relative humidity conditions and after various time of storage at 25°C of 152 the equilibrated samples. 
Where Tg m , Tg s , and Tg w , are the glass transition temperatures (K) of the mixture, of the 173 solids and the water, respectively, X w is the mass fraction of water, and k GT is a constant. The 174 glass transition temperature of pure water was taken as Tg w = -135°C. 175
The resulting parameters of the GAB, BET and Gordon and Taylor equations are reported 176 in Using the relationships between water activity, water content and glass transition 179 temperature, the physical storage stability of the lyophilized product can be predicted. 180
Referring to the critical Tg of 25°C, corresponding to storage at ambient temperature, the co-181 lyophilized matrix of Lb bulgaricus CFL1 and sucrose showed a critical value of water 182 activity of 0.241 corresponding to a critical value of water content of 3.9%. This critical a w 183 value is in accordance with previous work reported on LAB freeze-dried in sugar matrix 184 (around 0.25) and slightly higher that the critical a w value of pure sucrose (0.235). This small 185 effect of bacteria was previously observed by (Fonseca et 
Effect of water activity on the acidification activity of freeze-dried bacteria 214
Figure 2 displays the evolution of the acidification activity characterized by the 215 parameter t m as a function of the water activity of the freeze-dried bacterial suspension just 216 after a w equilibration of the samples, and after 7, 10 and 29 days of storage at 25°C. The lower 217 the t m value, the higher the acidification activity. An inversed bell-shape curve was observed 218 with a minimal t m value, and thus a maximal acidification activity around a value of water 219 activity of 0.2 whatever the storage time. As expected, the t m value increased with the storage 220 time and that increase appeared more pronounced for the high values of water activity. The 221 degradation of the acidification activity can be ascribed to the cell death and/or to cell 222 membrane damages leading to higher latency phase. In order to combine the viability and the 223 acidification activity, the specific acidification activity (t spe , in min/log(CFU/ml)) was defined 224 as the ratio of t m to the corresponding log of cell concentration (Streit et al., 2007) . Figure 3  225 showed the evolution of the specific acidification activity (t spe ) with the storage time for three 226 relative humidity conditions. Whatever the water activity of the samples, the parameter t spe 227 increased linearly with storage time according to the following relationship: 228 t spe = k spe × Storage time + A Equation 3 229
Where k spe is the slope of the regression line (in (min/(log(CFU/ml)))/day or t spe /day) 230 and represents the rate of loss in specific acidification activity during storage. A higher slope 231 indicated a faster decrease of the specific acidification activity and, consequently a lower 232 resistance to storage under various relative humidity conditions. Previous works have already 233 described the acidification activity loss with storage time as a linear relationship for frozen 234 lactic acid concentrates (Fonseca et to the very viscosity of the amorphous state, resulted in very low rates of loss of specific 241 acidification activity, lower than 2 t spe /day. The specific acidification activity loss rate did not 242 sharply increase with increasing water activity, as would be expected given the plasticizing 243 effect of water on Tg and thus on mobility. The acceleration of the degradation reactions 244 starts at water activity higher than 0.33 and T storage -Tg higher than 10°C. Furthermore, for 245 water activity around 0.5-0.6, the degradation rate tends to decrease. This unpredicted event 246
can be ascribed to a physical change in the matrix, probably related to the sugar 247 crystallization. After this event, the rate of loss of specific acidification activity sharply 248 increases, probably due to the H-bonding breakage between the protecting sugar and cell 249 biomolecules (like membrane proteins and phospholipids). to T storage -Tg = 0°C (a w (Tg)), the a w (M M ) appears as a threshold value for bacteria stability. 344
Above a w (M M ), the degradation rate slightly increased and this increased was more 345 pronounced above a w (Tg), attributable to the physical changes of the matrix. Furthermore, a 346 slight increase of the degradation rate was also observed for very low value of a w (<0.1), 347 probably caused by oxidative mechanisms and slow but still present Maillard reaction. 
